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Ultrathin Conductive CeO2 Coating for Significant Improvement in
Electrochemical Performance of LiMn1.5 Ni0.5 O4 Cathode Materials
Rajankumar L. Patel,∗ Sai Abhishek Palaparty, and Xinhua Liang∗,z
Department of Chemical and Biochemical Engineering, Missouri University of Science and Technology, Rolla,
Missouri 65409, USA
LiMn1.5 Ni0.5 O4 (LMNO) has a huge potential for use as a cathode material in electric vehicular applications. However, it could face
discharge capacity degradation with cycling at elevated temperatures due to attacks by hydrofluoric acid (HF) from the electrolyte,
which could cause cationic dissolution. To overcome this barrier, we coated 3–5 micron sized LMNO particles with a ∼3 nm
optimally thick and conductive CeO2 film prepared by atomic layer deposition (ALD). This provided optimal thickness for mass
transfer resistance, species protection, and mitigation of cationic dissolution at elevated temperatures. After 1,000 cycles of chargedischarge between 3.5 V–5 V (vs. Li+ /Li) at 55◦ C, the optimally coated sample, 50Ce (50 cycles of CeO2 ALD coated) had a
capacity retention of ∼97.4%, when tested at a 1C rate, and a capacity retention of ∼83% at a 2C rate. This was compared to
uncoated LMNO particles that had a capacity retention of only ∼82.7% at a 1C rate, and a capacity retention of ∼40.8% at a 2C rate.
© The Author(s) 2016. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0371701jes] All rights reserved.
Manuscript submitted September 22, 2016; revised manuscript received November 11, 2016. Published December 13, 2016. This
was Paper 85 presented at the Chicago, Illinois, Meeting of the IMLB, June 19–24, 2016. This paper is part of the Focus Issue of
Selected Papers from IMLB 2016 with Invited Papers Celebrating 25 Years of Lithium Ion Batteries.

Lithium ion batteries have emerged as potential candidates for
replacement of Ni-Cd batteries in electric vehicles because of their
high intrinsic energy densities combined with their ease of portability.
This potential creates a need for the development of new or modified
cathode and anode materials that possess high energy density, long
cycle life, excellent capacity retention, and a large voltage window for
operation. For electric vehicles, in particular, the upper voltage cutoff
window on the cathode side should be ∼5 V vs. Li+ /Li. Lithium
manganese nickel oxide LiMn1.5 Ni0.5 O4 (LMNO) has emerged in the
research community as a potential cathode material for use in electric
vehicles due to its large theoretical capacity of ∼148 mAhg−1 , a high
working voltage of ∼4.7 V vs. Li+ /Li, and a high energy density.1,2
However, LMNO suffers from high capacity fade during performance
at elevated temperatures because Mn dissolves due to generation of
hydrofluoric acid (HF) in the electrolyte.3–5
The coating of surface protective layers on pristine LMNO particles has been extensively studied in literature.6–20 These layers provide
a shield from the HF, and prevent rapid capacity fade, leading to improved cycling performance and capacity retention. Of the different
surface coating techniques, atomic layer deposition (ALD) has inherent advantages that provide conformal, pin-hole free, size-tunable
ultrathin films21 and, thus, provide high capacity retention and a long
life cycle. The ALD process involves a sequence of self-limiting reactions that result in a coating of one monolayer at a time. This enables
size tunability at the sub-nanometer level and promotes conformity in
the films. Materials like Al2 O3 ,17 MgF2 ,22 TiO2 ,18 and LiAlO2 10 have
been studied as coating materials prepared by ALD on LMNO. Even
though, these materials have provided effective mitigation of cationic
dissolution, the ionic conductivity of such protective layers needs to
be improved. Also, those studies were conducted by considering only
a very limited number of charge-discharge cycles, and this did not
conform to necessary long-term stability criteria. Hence, we propose
using an effective strategy that will use ion conductive materials (i.e.,
CeO2 ) as coating films, thereby providing cationic protection with
enhanced ionic conductivity at the electrolyte film interface. This will
promote a longer working battery life.
CeO2 , which is electrochemically active, has been used as a solid
electrolyte23,24 in solid oxide fuel cells and has been studied as an
anode for lithium ion batteries in the form of a CeO2 –graphene
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composite.25,26 Other studies have included the use of CeO2 as a surface protective layer to improve the cycleability and capacity retention
of LiCo1/3 Ni1/3 Mn1/3 O2 , LiFePO4 , and LiCoO2 , when used as cathode materials.27–29 However, these coating methods employed sol-gel
methods, which pose some disadvantages due to their inability to control the thicknesses of the coatings, which leads to an overly thick or
non-uniform coating. In our recent study, we employed the use of optimally thick CeO2 film prepared by ALD on LiMn2 O4 particles, which
showed a 24% increase in initial capacity and 95% capacity retention, when tested at a 1C rate for 1,000 cycles at room temperature.30
In addition to that, the conductive effects of CeO2 ALD films were
studied and compared with uncoated substrates and insulating coating materials.31 We found that the ceria ALD coated material showed
much improved ionic and electronic conductivities, as compared to
the Al2 O3 and ZrO2 ALD coated LiMn2 O4 samples.
There has been no electrochemical study of CeO2 films coated on
LMNO particles prepared by ALD. Based on findings in our previous
study, we believe that optimal ultrathin CeO2 film is an ideal candidate for improving the electrochemical performance of LMNO spinel
at room temperature and at elevated temperatures (e.g., 55◦ C). This
ultrathin film can decrease cationic dissolution and, thereby, boost
electrochemical performance at an elevated temperature.
Experimental
CeO2 ultrathin film coating by ALD.—Our in-house fluidized bed
reactor that is equipped with vibro-motors was used to perform the
ALD coating. Details describing the reactor are provided elsewhere.32
The air sensitive precursor tris(i-propyl cyclopentadienyl) cerium
(Ce(iPrCp)3 ) (99.9%, Strem Chemicals) was kept in a feed bubbler,
and deionized water was used as the other precursor for the ALD reaction. A typical ALD coating cycle consisted of a cerium precursor
dose, followed by an N2 flush, which was followed by a deionized
water dose and, finally, a N2 flush. A temperature of 250◦ C was maintained for the ALD reaction to take place. The maximum allowable
pressure inside the reactor was set at ∼5 torr, and 7 sccm was found to
be the minimum velocity for particle fluidization. The feed lines were
maintained at ∼140◦ C to avoid deposition of the vapors of the precursor on the inside walls. The LabVIEW program was used to monitor
and control the sequence of the ALD process. In an attempt to address
the mass transfer resistance arising due to increasing thickness and
protection of the cathode, the LMNO particles were coated with 30 cycles (30Ce), 40 cycles (40Ce), 50 cycles (50Ce), 70 cycles (70Ce), and
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Coin cell assembly.—An electrode slurry was made of an
80:10:10 wt% mixture of coated/uncoated LMNO, carbon black, and
polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP). This
slurry was spread on an aluminum foil that was used as the current
collector and mounted on a glass plate by using a razor blade. This
foil was then vacuum dried at 120◦ C. After this step, strips of the foil
were cut, and cathode discs of ∼9.5 mm diameter were punched. The
punched discs were cold pressed and transferred to an argon-filled
glove box for coin cell fabrication. Li metal discs were punched and
used as the reference and counter electrode. LiPF6 (1 molL−1 in a
mixed solvent of EC: DMC: DEC with a volume ratio of 1:1:1) served
as an electrolyte for the assembly of CR2032 coin cells. The entire
assembly process was carried out in an argon-filled glove box with an
O2 level maintained below 2 ppm.
Mn dissolution testing.—A cathode dissolution test was performed by putting the uncoated and the coated samples in pouches
made up of a Celgard 2320 separator, dipped in the electrolyte solution. One set of experiments included placing these samples in the
electrolyte for one week at 55◦ C followed by four weeks at room temperature (25◦ C), while the other set of samples was placed in the electrolyte for five weeks at room temperature. After five weeks, the electrolyte was sent for inductively coupled plasma-mass spectroscopy
(ICP-MS) analysis to determine the amount of Mn dissolution.
Electrochemical analysis.—The charge-discharge analysis was
carried out using an 8-channel battery analyzer (Neware Corporation) for 3.5 V–5 V vs. Li+ /Li potential range at various C rates, and
at different temperatures (room temperature and 55◦ C). The electrochemical impedance spectroscopy of the prepared cells was carried
out using a Biologic SP-150 impedance analyzer. The electrochemical impedance spectroscopy (EIS) analysis was performed at 5 mV
perturbation and 0.001 Hz–1 MHz frequency range. The EIS spectra were analyzed using ZView software from Scribner Associates
Incorporated.
Materials characterization.—The uncoated and the coated particles were visualized using an FEI Tecnai F20 field emission gun highresolution transmission electron microscopy (TEM) equipped with an
energy dispersive X-ray spectroscopy (EDS) system to determine the
film thickness and growth rate. After 1,000 cycles of charge-discharge
at a 1C rate, coin cells were tested at room temperature and at 55◦ C
were disassembled inside the same glove box. The electrodes were
washed with dimethyl carbonate to remove traces of electrolyte and
then dried. Then, the electrode was mounted on a sample holder and
was visualized using a Hitachi S-4700 field emission scanning electron microscope (FE-SEM) to observe changes in the morphology of
the particles. Significant and equal amounts of time were spent on all
samples to ensure that most of each sample was studied, rather than
just a localized area.
Results and Discussion
CeO2 ultrathin film coating.—To verify the growth of the CeO2
film on LMNO particles, the UC and 50Ce samples were visualized
using TEM. Figure 1a, which shows a TEM image of an uncoated
LMNO particle, displays an image with a clean edge. Figure 1b shows
the TEM image of a 50Ce LMNO particle, and the CeO2 ALD film
can be observed on the clean edges. The film thickness from the TEM
image was found to be ∼3 nm. Based on the TEM images, the growth
rate was estimated to be 0.6Å/cycle. This value is close to the growth
rate reported in our previous study.30 3dCe high-resolution XPS spectrum of the 50Ce sample in Figure 1c clearly shows characteristic
peaks (at ∼901 eV and ∼898.6 eV) for Ce(IV) oxidation state, indicating the presence of CeO2 .33 The other peaks are not visible due to

(b)

(a)

3 nm

Ce4+ 3d3/2

(c)

Ce4+ 3d5/2

Counts Per Second (CPS)

100 cycles (100Ce) of cerium oxide ALD. The 50Ce sample was subjected to X-ray Photoelectron Spectroscopy (XPS) using a Kratos Axis
165 through an introduction of Al Kα radiation, operated at 150 W
and 15 kV. The XPS spectra were plotted using CASA-XPS software.
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Figure 1. TEM images of (a) uncoated and (b) 50 cycles of CeO2 ALD coated
LMNO particles, and (c) high-resolution XPS spectrum of 50 cycles of CeO2
ALD coated LMNO particles depicting Ce3d spectra.

very less loading of CeO2 . After the growth of the ultrathin films had
been verified, the electrodes were cast and assembled into coin cells
to subject them to electrochemical testing.
Electrochemical testing.—A series of electrochemical tests were
performed to test life cycle, capacity retention, and reversibility of
the uncoated and the CeO2 coated cathode particles. To test the reversibility of the cathode, the galvanostatic discharge capacity was
measured at different C-rates at both room temperature and 55◦ C.
As shown in Figure 2a, the UC sample delivered a discharge capacity of ∼129.5 mAhg−1 at room temperature at 0.1C. As the number
of CeO2 ALD cycles increased, the delivered discharge capacity improved. The 30Ce, 40Ce, and 50Ce samples delivered a discharge
capacity of ∼135.9 mAhg−1 , ∼138.8 mAhg−1 , and ∼144.6 mAhg−1 ,
respectively. This delivered capacity was higher as compared to other
previous ALD studies (Table I). However, with further increases in the
number of ALD cycles, the film got thicker, which increased the mass
transfer resistance for electron and Li+ diffusion. This resulted in the
lower discharge capacities of the 70Ce (∼132.5 mAhg−1 ) and 100Ce
(∼130.8 mAhg−1 ) samples at a 0.1C rate. This trend also persisted
when tested at higher C rates. At a 1C rate, the 50Ce sample showed
a discharge capacity of 128.1 mAhg−1 as compared to 114.2 mAhg−1
of the UC sample. At 2C, the 50Ce sample delivered ∼65.6% of the
theoretical capacity (∼148 mAhg−1 ) as compared to the UC sample, which delivered only ∼56.7%. After testing at 2C, the cells were
tested again at 0.1C. The 50Ce showed a capacity of ∼143.1 mAhg−1 ,
corresponding to ∼0.6% capacity fade, as compared to initial testing
at 0.1C, whereas the UC delivered a discharge capacity of ∼127.6
mAhg−1 , that corresponded to ∼1% capacity fade. This indicated
excellent reversibility of both coated and uncoated cells. Also, the
discharge capacities at different C rates had normalized, with respect
to the discharge capacity obtained at 0.1C, and were plotted (Figure
2c). The normalized capacity curve shows that the 50Ce sample has
the highest rate capability as compared to other samples.
At 55◦ C, a similar trend was observed (Figures 2b and 2d). At
0.1C, the UC delivered ∼130.7 mAhg−1 , while the 30Ce, 40Ce,
50Ce, 70Ce, and 100Ce samples delivered ∼137.9 mAhg−1 , ∼140.2
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Figure 2. Galvanostatic discharge capacity of uncoated and CeO2 ALD coated LMNO particles measured at different C rates between 3.5 V–5 V (vs. Li+ /Li) at
(a) room temperature (b) 55◦ C. Normalized discharge capacity (with respect to theoretical capacity of LMNO) at (c) room temperature (d) 55◦ C.

mAhg−1 , ∼146.8 mAhg−1 , ∼133.8 mAhg−1 , and ∼131.4 mAhg−1 ,
respectively. At a 2C rate, the 50Ce sample demonstrated ∼66.6% of
the theoretical capacity, as compared to ∼57.2% (at best) for the UC.
When the cells were tested again at 0.1C, the samples showed high
reversibility. Based on this sequence of testing, it appeared that the
50Ce sample had the optimal film thickness. Another set of coin cells
were fabricated and tested for long life cycle and capacity retention.
At a 1C rate and room temperature, the UC sample delivered an initial discharge capacity of ∼115.3 mAhg−1 , whereas the 30Ce, 40Ce,
and 50Ce samples showed an initial discharge capacity of ∼129.2
mAhg−1 , ∼132.4 mAhg−1 , and ∼135.37 mAhg−1 , respectively
(Figure 3a). These values were close to the values obtained in the

Table I. Comparison of the 1st discharge capacity of our CeO2
ALD coated LMNO with that of various types of reported ALD
coated LMNO samples.
ALD coating on LMNO
Al2 O3
MgF2
TiO2
LiAlO2
CeO2

Discharge capacity (C-rate)
mAhg−1

∼100
(1C)
100 mAhg−1 (0.1C)
>100 mAhg−1 (C/7.6)
120-130 mAhg−1 (0.1C)
∼144.6 mAhg−1 (0.1C)

Reference
17
22
18
10
This work

testing of different C rates. After 1,000 cycles of charge-discharge at
1C, the UC sample showed a retention capacity of ∼78.5%, whereas
the 50Ce sample maintained ∼99.2% retention of its initial capacity.
The 50Ce sample delivered a ∼91.4% retention of the theoretical capacity, even after 1,000 charge-discharge cycles at 1C, whereas the
UC sample delivered only ∼61.2%. The sample coated with a thicker
film showed higher initial capacity fade and poorer capacity retention
after 1,000 cycles of charge-discharge. Of all the samples, the 50Ce
sample performed the best due to its optimally thin conducting film.
CeO2 is also used as a solid electrolyte in fuel cells due to its
high ionic conductivity. This property has been exploited by ultrathin coating that enables faster kinetics at the film interface. It also
provides protection from the undesirable reactions of the cathode particles with electrolyte. At 55◦ C, when the samples were tested at a 1C
rate for 1,000 cycles, the 50Ce sample still out-performed the other
samples by showing an initial capacity of ∼130.7 mAhg−1 and capacity retention of ∼97.4%, after 1,000 charge-discharge cycles. This
corresponded to ∼86.2% of the theoretical capacity after 1,000 cycles.
The poorer performance of the UC sample (∼64.2% of the theoretical
capacity after 1,000 cycles of charge-discharge) was attributed to the
attack of HF on the pristine LMNO sample, which was aggravated
at a higher temperature of 55◦ C and stress on the particles due to
lithium extraction and insertion. The UC sample delivered ∼82.7%
of the initial capacity after 1,000 cycles of charge-discharge. In this
study, the coating layers acted as protective layers and, thus, mitigated
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Figure 3. Galvanostatic discharge capacity of uncoated and CeO2 ALD
coated LMNO particles measured at a 1C rate between 3.5 V–5 V (vs. Li+ /Li)
for 1,000 charge-discharge cycles at (a) room temperature (b) 55◦ C.

Figure 4. Galvanostatic discharge capacity of uncoated and CeO2 ALD
coated LMNO particles measured at a 2C rate between 3.5 V–5 V (vs. Li+ /Li)
for 1,000 charge-discharge cycles at (a) room temperature (b) 55◦ C.

cationic dissolution due to an attack of HF and reduced stress on primary particles due to the lithium extraction/insertion acting as a supporting matrix. This was evident from the increasing performance of
LMNO particles with the increase in the number of ALD cycles. After
the optimal mass transfer resistance was surpassed, the performance
decreased due to an increase in mass transfer resistance, which was
supported by the relatively poor performance of the 70Ce and 100Ce
samples, as compared to that of the 50Ce sample. Hence, it can be said
that the 50Ce sample solved the tradeoff between species protection
and mass transfer resistance.
At a 2C rate and room temperature, this conducting property of
the film enabled faster kinetics at the interface, thereby resulting in
a higher initial capacity of the 50Ce sample, when compared to that
of the UC sample (Figure 4a). There was also evidence-based information concerning the excellent capacity retention of ∼91.2% for the
50Ce sample, as opposed to ∼72.5% of the UC sample, after 1,000
cycles of charge/discharge at a 2C rate. The 50Ce sample delivered
∼55.9% of the theoretical capacity, as opposed to ∼35.1% of the UC
sample, after 1,000 cycles of charge/discharge at a 2C rate. The protection of the species became more crucial during charge-discharge
cycling at 55◦ C. This was because higher temperatures accelerated
the formation of HF in the electrolyte. This could lead to a premature
conclusion that a thicker film would be required for the protection of
the substrate. However, at a 2C rate, the 50Ce sample performed the
best due to optimally thick coating and species protection. The conductive coating enabled faster kinetics at the interface, which resulted

in a higher capacity. The 50Ce sample showed an initial discharge
capacity of ∼89 mAhg−1 and capacity retention of ∼83%, when cycled for 1,000 charge-discharge cycles. In contrast, the UC sample
showed an initial discharge capacity of ∼87.1 mAhg−1 and capacity
retention of only ∼40.8%. The 50Ce sample delivered ∼24% of the
theoretical capacity, as opposed to ∼18.5% of the UC sample, after
1,000 cycles of charge/discharge at a 2C rate. For the coated samples
at higher C rates, the mass transfer resistance due to the coating layer
limited the passage of Li-ion. However, since the CeO2 layer had high
ionic conductivity,23,24 it enabled faster kinetics at the film-electrolyte
interface. Combining this with optimal thickness, the excellent performance of the 50Ce sample, as compared to the UC sample, can be
explained.
Electrochemical impedance spectroscopy (EIS) is an important
technique for understanding the kinetics inside an electrochemical
cell. EIS was collected for all of the cells before and after 1,000 cycles
of charge-discharge at a 1C rate, at both room temperature (Figure 5)
and 55◦ C (Figure 6). For the UC sample at room temperature, the EIS
spectra consisted of two semicircles corresponding to film resistance
(Rf ) and charge transfer resistance (Rct ) and an inclined straight line
corresponding to Warburg impedance, to depict the Li-ion diffusion
resistance. However, the coated samples showed only one semicircle,
which could have been due to the overlap of resistance values at
high frequencies. All of the impedance spectra were fitted using a
combination of three resistor elements, two constant phase elements
(CPE), and a Warburg impedance element. The resistance elements
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Figure 5. Electrochemical impedance spectra at room temperature for coin
cells made of uncoated LMNO particles and LMNO particles coated with
various thicknesses of CeO2 at (a) 0th cycle and after (b) 1,000th chargedischarge cycles, and (c) equivalent circuit fit for the impedance spectra. Inset
images show the high frequency regions (1 MHz–100 Hz) of the impedance
spectra.

were Rohm , Rct , and Rf , which corresponded to the ohmic resistance,
charge transfer resistance, and film resistance of the cell. Even though
these values had no physical significance, these values could be used
to decipher the kinetics inside the cell. To enable faster kinetics at the
interface of the film and electrolyte, the film resistance must be low.
The use of conductive film enhanced ionic conductivity at the film
electrolyte interface. This was evidenced by lower Rf and W values
of the coated samples, as compared to those of the uncoated sample.
In this study, the Rohm values changed slightly, while the Rf and
Rct resistance varied remarkably. The values provided in Tables II and
III were obtained by fitting the equivalent circuit shown in Figure 5c.
At room temperature (see Table II), the Rf value was 27.6, 16.9, 14.9,
and 21.5  for the UC, 30Ce, 50Ce, and 100Ce samples, respectively.
The decrease of Rf with an increase of CeO2 coating thickness indicated the conductive nature of CeO2 coating, which enabled faster
kinetics at the electrolyte film interface, except for the 100Ce sample. However, the thick coating seemed to increase the pathway for
lithium-ion movement and, hence increased the film resistance for the

Figure 6. Electrochemical impedance spectra at 55◦ C for coin cells made of
uncoated LMNO particles and LMNO particles coated with various thicknesses
of CeO2 at (a) 0th cycle and after (b) 1,000th charge-discharge cycles. Inset
images show the high frequency regions (1 MHz–100 Hz) of the impedance
spectra.

100Ce sample. After 1,000 cycles of charge-discharge at room temperature, the Rct of the UC sample increased to 267  from 192.7 
while, for the 50Ce sample (the optimally coated sample), its increase
was much smaller (from 150.1  to 161.3 ). There was about a 38%
increase in Rct of the UC sample, while for 50Ce, the increase was
only ∼7%. This was also considered to be related to severe electrolyte
decomposition on the surface.20 It was also found that the Rct values
for the 70Ce and 100Ce samples had increased slightly. Their values
were 161.3  and 200.6 , respectively. After 1,000 cycles, the Rct
values climbed up to 204.7  and 324 , respectively. This could be
explained by increased resistance due to overly thick coating.
At 55◦ C (see Table III), at 0th cycle, the 50Ce sample experienced
a charge transfer resistance of ∼54.2% of that which the UC sample
experienced. Further, it only experienced ∼35.8% of the film resistance that the UC sample experienced. Even after 1,000 cycles of
charge-discharge at 1C, the charge transfer resistance of the UC sample changed remarkably by 56.3%, whereas the change for the 50Ce
sample was only ∼3.8%. This reiterated the presence of the optimal
thickness of the conducting layer and the protection of species from
cationic dissolution in the 50Ce sample.
The electrochemical charge-discharge voltage profiles were collected for the 1st cycle of charge-discharge, at a 1C rate at room
temperature, for the UC, 30Ce, 50Ce, and 100Ce samples (Figure 7).
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Table II. Impedance parameters using equivalent circuit models for electrodes made of UC, 30Ce, 40Ce, 50Ce, 70Ce, and 100Ce coated
LiMn1.5 Ni0.5 O4 particles at room temperature.
Warburg Short
Rohm ()

Rf ()

Rct ()

RT

0th

1000th

0th

1000th

UC
30Ce
40Ce
50Ce
70Ce
100Ce

5.8
9.6
8.5
8.6
7.6
9.6

7.6
11.3
10.6
10.2
8.4
11.3

27.6
16.9
22.2
14.9
16.0
21.5

46.1
20.4
26.6
17.8
19.1
55.7

Cf (μF)

Cct (μF)

τ (s)

Rw ()

0th

1000th

0th

1000th

0th

1000th

192.7
189.5
191.0
150.1
161.3
200.6

267.0
202.7
204.2
161.3
204.7
324.0

19.3
17.0
12.3
8.4
10.5
12.3

23.2
18.7
13.6
10.4
13.8
13.7

6.7
5.1
4.5
3.0
3.9
6.5

1.4
3.3
2.1
1.1
0.2
4.4

0th

1000th

5963
1181
2128
2510
3888
3035

7479
2352
6015
3989
5052
3542

P

0th

1000th

0th

1000th

112.9
51.4
20.5
6.9
12.9
91.8

191.5
54.9
41.9
9.0
13.3
135.0

0.9
0.7
0.5
0.7
0.7
0.6

0.7
0.6
0.6
0.8
0.6
0.4

Table III. Impedance parameters using equivalent circuit models for electrodes made of UC, 30Ce, 40Ce, 50Ce, 70Ce, and 100Ce coated
LiMn1.5 Ni0.5 O4 particles at 55◦ C.
Warburg Short
Rohm ()

Rf ()

55◦ C

0th

1000th

0th

1000th

UC
30Ce
40Ce
50Ce
70Ce
100Ce

7.0
11.5
10.2
10.4
9.1
11.5

9.2
13.6
12.7
12.2
10.1
13.6

51.4
43.2
40.0
18.4
34.4
53.6

67.7
50.3
46.7
25.9
49.2
68.3

Rct ()

Cf (μF)

Cct (μF)

0th

1000th

0th

1000th

0th

1000th

311.0
297.7
289.1
168.6
189.7
448.5

551.8
386.4
362.0
175.0
357.7
562.2

21.4
18.8
13.7
9.3
11.6
13.7

25.7
20.7
15.0
11.6
15.3
15.2

8.1
6.1
5.4
3.6
4.6
7.8

1.7
3.9
2.5
1.3
1.2
5.3

Figure 7. Charge-discharge voltage profiles of coin cells made of uncoated
LMNO particles and LMNO particles coated with various thicknesses of CeO2
over a voltage range of 3.5 V–5 V (vs. Li+ /Li) at a 1C rate at room temperature
after (a) 1st cycle and (b) 1000th cycle.
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Figure 8. Charge-discharge voltage profiles for coin cells made of (a) uncoated LMNO particles and (b) 50 cycles of CeO2 ALD coated LMNO particles over a voltage range of 3.5 V–5 V (vs. Li+ /Li) at a 1 C rate at room
temperature after 1st, 250th, 500th, and 1,000th cycle.
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(a)

(a)

(b)

(b)

Figure 9. SEM images of an opened coin cell made of the uncoated LMNO
particles after 1,000 charge-discharge cycles at a 1C rate (a) room temperature
and (b) 55◦ C.

Figure 10. SEM images of an opened coin cell made of the 50Ce LMNO
particles after 1,000 charge-discharge cycles at 1C rate (a) room temperature
and (b) 55◦ C.

In the voltage profile, the plateau can be seen at ∼4.7 V and at ∼4 V,
which were attributed to the Ni2+/4+ and Mn3+/4+ redox couples, respectively. From the voltage profile, it was also clear that the charging
curve of the UC sample was steeper than that of the 30Ce and 50Ce
samples. This meant that it had higher overpotential values, which was
in agreement with the EIS results. The charging curve of the 100Ce
sample was, even steeper than that of the UC sample, which could
have been due to the thicker film leading to higher overpotential. This
was in agreement with the increased Warburg resistance of the 100Ce
sample, as compared to other coated samples. Figure 8 clearly demonstrates the voltage profiles of the UC and the 50Ce samples after the
1st, 250th, 500th, and the 1000th cycle of charge-discharge at a 1C
rate at room temperature. For the UC sample, the voltage drop was
significant after 250 cycles, whereas no significant voltage drop was
observed for the 50Ce sample.
To confirm that the ultrathin layers could mitigate cationic dissolution, small amounts of the 50Ce particles were soaked in the electrolyte using the separator as a medium to contain the particles. The
UC sample was also soaked to be used as a baseline for comparison.
These were stored at room temperature for five weeks or one week
at 55◦ C, followed by four weeks at room temperature. The ICP- MS
data showed a Mn dissolution of 4.98 ppm for the uncoated sample
at 55◦ C. This was close to the value reported in literature.34 The Mn
dissolution, in case of the 50Ce sample at 55◦ C, was 2.03 ppm. This
clearly demonstrated that the ultrathin film coating provided protection against the attack of HF and mitigated Mn dissolution at elevated

temperatures. At room temperature, the attack of HF was not as rampant. Hence, the Mn dissolution of the uncoated sample was 0.92 ppm,
which was also close to the value obtained in a previous study.34
The SEM images of the UC sample, after 1,000 cycles of chargedischarge at room temperature, indicated the presence of small deposits on the primary particle surface (Figure 9). These deposits were
aggravated in the case of the coin cell tested at 55◦ C. We suspected that
these deposits were a result of side reactions of the cathode particles
with the electrolyte. In contrast, in the case of the 50Ce sample, either
cleaner edges were observed, or the extent of these deposits was less
as compared to the UC sample (Figure 10). The SEM results further
iterated the protective nature of the CeO2 ultrathin film by mitigating
side reactions (Mn dissolution) with electrolyte.
During charge/discharge cycling, Li+ moved in and out of the
spinel structure that led to stress on the primary particle. This stress
led to cracks (shown in red circled areas), which were seen in the case
of the UC sample at both room temperature and 55◦ C. In contrast,
no such cracks could be observed in the 50Ce sample at both room
temperature and 55◦ C. The ultrathin film acted as a supporting matrix
in the case of 50Ce and alleviated the stress. In-depth investigation of
this action will be included in a separate future publication.
Conclusions
The series of charge-discharge cycle testing showed that a conformal, conductive and optimally thick film provided an excellent
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capacity retention, cycle life, and reversibility, even at high C-rates
and high temperatures. Based on the electrochemical analysis, the
50Ce sample with film thickness of 3 nm was determined to be the
optimally ceria coated sample. The 50Ce sample delivered ∼99.2%
and ∼97.4% of the initial discharge capacity when tested at a 1C
rate at room temperature and 55◦ C, respectively, even after 1,000 cycles of charge-discharge. At a 2C rate, the 50Ce sample showed a
retention capacity of ∼91.2% and ∼83% after 1,000 cycles of chargedischarge at room temperature and 55◦ C. In contrast, at 1C rate, the
UC sample showed a retention capacity of ∼78.5% and ∼82.7% at
room temperature and at 55◦ C, respectively. At a 2C rate, it delivered
a retention capacity of ∼72.5% and ∼40.8% at room temperature
and at 55◦ C, respectively, after 1,000 cycles of charge-discharge. The
enhanced performance was believed to result from the protection of
CeO2 films. The ICP-MS and the SEM images of the samples soaked
in the electrolyte at 55◦ C and room temperature provided evidence
of the structural protective properties of the ultrathin film. This study
also enforced the positive influence of CeO2 ALD coating on the
electrochemical performance of cathode particles.
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